ABSTRACT Plasmid-mediated resistance to arsenate, arsenite, and antimony(m) is coordinately induced by arsenate, arsenite, antimony(EI), and bismuth(HI). Resistance to arsenate was recently shown [Silver, S., Budd, K., Leahy, K. M., Shaw, W. V., Hammond, D., Novick, R. P., Willsky, G. R., Malamy, M. H. & Rosenberg, H. (1981) J. Bacteriol. 146, 983-996] to be due to decreased accumulation ofarsenate by the induced resistant cells. We report here that decreased net uptake results from accelerated efflux of arsenate by induced plasmid-containing cells of Staphylococcus aureus and Escherichia coli. The efflux system in S. aureus was inhibited by nigericin, monensin, and proton-mobilizing uncouplers; efflux was unaffected by valinomycin. The mechanism of arsenate efflux in S. aureus was apparently not by chemiosmotic coupling to the membrane electrical potential or pH gradient. The intracellular efflux system was inhibited by low pH and mercurials (reversible by mercaptoethanol). The efflux rate was relatively independent of external pH or phosphate level and showed a sigmoidal pattern of concentration dependence.
Plasmids in bacterial cells carry genes that govern resistances to various toxic heavy metals as well as genes for resistances to antibiotics (1) (2) (3) . Indeed, there are plasmids that affect only antibiotic or heavy metal resistances as well as those that affect both (4, 5) . For both heavy metals and antibiotics, there appears to be a great specificity of the mechanism for each resistance (2, 6) . Mercury resistance is genetically and biochemically distinct from cadmium resistance which in turn is distinct from arsenic resistance. The mechanism ofmercuric and organomercurial resistance is the enzymatic cleavage of several organomercurials to Hg2+ plus methane from methylmercury, ethane from ethylmercury, or benzene from phenylmercury, followed by the reduction of toxic Hg2+ to less toxic and volatile Hg0 (2, 3) . Cadmium resistance in Staphylococcus aureus, however, is not due to detoxification but rather to reduced accumulation of Cd2' by plasmid-containing resistant cells (7, 8) . The reduced net uptake has recently been shown to result from an energydependent Cd2' efflux process (9) coded for by plasmid genes.
Although arsenic-resistance plasmids have been known for years in both S. aureus (1) and Escherichia coli (10) , it is only recently that the properties of this plasmid system have been reported (11) . The systems in E. coli and S. aureus seem to be basically similar. Resistances to arsenate, arsenite, and antimony(III) occur together in what appears to be an inducible operon structure (1, 11, 12) . Each of the heavy metal ions AsO3-, AsO, and SbO+ induces resistances to all three ionic species. Arsenate resistance was shown to be genetically distinct (11, 12) from arsenite and antimony resistances. The mechanisms of resistance to arsenite and antimony are unknown. It is even unclear as to whether these are separate resistances because both ions function as sulfhydryl poisons (13) . Arsenate resistance results from decreased net uptake of arsenate by induced resistant cells (11) . Although arsenate enters the cells through phosphate transport systems, of which there are two well studied in E. coli, it was previously shown (11) that the arsenate resistance plasmids did not alter the kinetic parameters (Kms and Vmus) of these systems. Even the Kis for arsenate as a competitive inhibitor of phosphate uptake appeared to be unchanged (11) . Arsenate resistance was due to a plasmid function acting subsequent to the initial uptake stage. There was suggestive evidence that arsenate was being excreted from the cells by means of a plasmid-determined transport system (11) .
In the study reported here, we altered our experimental approach by preloading cells with radioactive 74AsO-and studying the properties and bioenergetics of arsenate efflux after dilution into arsenate-free medium.
MATERIALS AND METHODS E. coli strains J53 (sensitive, without a plasmid) and J53(R773) (resistant; with plasmid R773; ref. 10) and S. aureus strains RN1 (sensitive, without a plasmid) and RN4 (resistant, with plasmid pI524; ref. 12) have been described (11) . Growth in nutrient broth was followed by induction of the arsenate resistance function by exposure to 100 or 200 ,AM NaAsO2 for the last 60 min of growth in late logarithmic phase.
Efflux Measurements. Cells were harvested by centrifugation in a Sorvall centrifuge at 6,000 X g for 10 min, resuspended in triethanolamine minimal medium (11) without glucose and phosphate, centrifuged again as before, resuspended at 1/100th the original culture volume in this medium, and centrifuged at 13,000 x g for 1.5 For both efflux and uptake experiments, 0.5-ml samples were 0filtered through membrane filters (0.45 0, mean pore; Bio-Rad) and washed twice with5nml of wash solution at room temperature as described (11) . RESULTS Inducible Block to Arsenate Uptake. The inducible block to net arsenate uptake -governed by the plas-mid resistance system is demonstratedrin Fig. 1 100-250 AM AsO-being required for full induction (data not shown). BiO+ is a gratuitous inducer of this system in E. coli ( Fig. 1 ). Strain J53 with plasmid R773 did not differ from strain J53 without a plasmid with regard to sensitivity to BiO+; about 100 AtM BiO+ was required for half-inhibition of growth in nutrient broth by both strains. BiO+ at 5-10 AM, an optimal concentration, also induced decreased AsO3-accumulation with S. aureus strain RN4. Not all oxyanions induced the arsenate resistance system. VO3-was not an inducer at concentrations up to inhibitory levels (500 ,M) with both E. coli and S. aureus. Neither plasmid R773 nor plasmid pI524 conferred vanadate resistance on the host cells (data not shown). The inhibition of 74AsO-accumulation shown in Fig. 1 was highly specific for AsO3-uptake; cells incubated under these conditions were unaltered in regard to uptake of 32PO3-or '4C-labeled amino acids (data not shown).
Arsenate Efflux. Accelerated and extensive loss of accumulated arsenate occurred in E. coli J53(R773) with the plasmid but not in strain J53 without the plasmid (Fig. 2) . The efflux of arsenate in Fig. 2 after dilution from 5 mM to 25 ,AM As04-(data not shown). The rate of loss of 74As0O-was unaffected by the presence or absence of glucose (showing that the cells contained endogenous energy reserves), Na+, K+, Cl-, NO-, or S0O-in the loading and in the dilution medium (data not shown). Thus, the energydependent efflux system requires intracellular but not specific extracellular conditions. Similar results were obtained with S. aureus strain RN4 with plasmid pI524 (Fig. 3) but not with the plasmidless sensitive strain. Not only did the uncoupler CCCP inhibit 74AsO4-efflux with strain RN4, but also the electroneutral cation exchange ionophore nigericin also completely inhibited As03-efflux (Fig. 3A) . The potassium ionophore valinomycin was without effect on arsenate efflux, regardless of whether the external medium was potassium-free or contained 50 mM K+ (data not shown). Exogenous phosphate had only a small stimulatory effect on arsenate efflux in strain RN4 and had no effect in the presence of CCCP. Exogenous phosphate prevented the slow increase in cellular arsenate with RN4 inhibited by p-chloromercuribenzoate (Fig. 3B) ; this increase did not occur with other thiol poisons such as Hg2+ (see Fig. 6 ) or N-ethylmaleimide (data not shown) which also inhibited arsenate efflux.
The slight effect of PO'-on arsenate loss in S. aureus occurred only at pH 7 and not at pH 5 (Fig. 4B) or 6, 8, or 9 (not shown). External pH itself was essentially without effect on arsenate efflux (Fig. 4A) in most experiments, but occasionally efflux was decreased at low extracellular pH, especially when ethanol or dimethyl sulfoxide was added as controls for antibiotics dissolved in these solvents (Fig. 5A) . This appeared to be related to the sensitivity of the arsenate efflux process in S. aureus RN4 to both uncouplers and to nigericin (Fig. 5B) . Nigericin inhibited AsO-efflux only at extracellular pHs of 7.0 or below. At pH 8 or above (Fig. 5B) (Fig.  6 ). The ionophore monensin (another electroneutral Na+/H+ exchanger, when added before dilution at 50 pZg/ml, was inhibitory similar to nigericin (data not shown).
Most ofthe experiments with inhibitors were done with both E. coli J53(R773) and S. aureus RN4. The exception was experiments with ionophore antibiotics, which were usually run only with strain RN4 because E. coli J53(R773) was not inhibited by nigericin (data not shown). This was expected because Gramnegative cells are generally resistant to ionophores. With the caution that some critical experiments were only run with S. aureus, we tentatively conclude that it is not the transmembrane pH gradient or electrical potential that is required for arsenate efflux but rather that the process requires an intracellular pH that is slightly alkaline.
The arsenate efflux system was sensitive to thiol poisons such as Hg2" (Fig. 6 ) and p-chloromercuribenzoate (Figs. 3 and 7) . The effect of Hg2" was reversed by dilution into excess mercaptoethanol ( Fig. 6 ) and this thiol reagent did not reverse the inhibition of arsenate efflux by the uncoupler TCS (Fig. 6) . Inhibition ofAsO0-efflux by 3 mM N-ethylmaleimide with E. coli J53(R773) was not reversed by dilution into 200-fold excess mercaptoethanol (data not shown). AsO4-efflux was also inhibited by (i) cold (efflux was at half the rate at 20TC as at 30TC and essentially did not occur below 7'C), (ii) 2-heptyl-4-hydroxyquinoline N-oxide (HOQNO, an inhibitor of respiratory electron transport) in S. aureus (E. col was not tested), (iii) dicyclohexylcarbodiimide (DCCD, an in hibitor of the oxidative phosphorylation ATPase), and (iv, V0-at 1 or 10 mM (data not shown). VO3-inhibited AsO3-efflux in E. coli J53(R773) as completely as did Hg2e or TCS in Fig. 6 but did not affect AsO3-efflux significantly with S. aureus strain RN4 (data not shown). We effect of intracellular AsO43-concentration on arsenate efflux t was studied. The results in Fig. 7 are presented as a function of loading concentration rather than of initial intracellular AsO-because the lack of energy starvation meant that the intracellular arsenate concentration would be below the loading concentration. With our standard pellet volume-to-total volume ratio of 0.25, it was generally found that E. coli J53(R773) accumulated about half as much arsenate as did S. aureus strain RN4. This may reflect the more rapidly functioning efflux system with strain J53(R773) than with strain RN4 (Fig. 7) . With both strains, the rate of AsO-release showed a sigmoidal de- pendency over low arsenate concentrations, 1-5 mM AsO4. At high arsenate concentrations, the rate of AsO4 efflux appeared saturated.
Given that the decreased net arsenate accumulation shown in Fig. 1 was due to accelerated efflux mediated by a plasmiddetermined system, then the effects of inhibitors of efflux on net uptake of arsenate were of interest. The uncoupler CCCP and the ionophore antibiotics valinomycin, nigericin, and monensin inhibited arsenate uptake by the sensitive cells (Fig. 8  A and C) . With the resistant S. aureus cells, these compounds actually stimulated arsenate uptake at pH 6.0 (Fig. 8B ) but were without effect at pH 7.0 (Fig. 8D ) or higher (data not shown). This stimulation resulted in the sensitive and the resistant cells accumulating approximately equal amounts of 74AsO3-in the presence of the inhibitors (compare Fig. 8 A and B) . Results analogous to those in Fig. 8 VOL-). However, the basic properties of the arsenate efflux system governed by plasmid genes in both organisms seem to be essentially the.same: arsenate effhuxwas an energy-and temperature-dependent process. that was independent of extracellular pH or phosphate. These may be desirable properties for a resistance mechanism. Arsenate efflux was sensitive to uncouplers and to monensin-and nigericin at neutral or acidic pH but not at alkaline extracellular pH in S. aureus. Efflux was resistant to valinomycin under all conditions tested. This pattern is inconsistent with the characteristics of a chemiosmotically driven efflux system such as that for Na' and for Ca2" in E. coli (14, 15) .
A chemiosmotic anion efflux system would. be expected to depend on the membrane potential At and to function in an electrogenic manner with movement of the anion in response to the positive external charge on the cell membrane (and therefore be sensitive to valinomycin). A chemiosmotic anion efflux system would be unaffected by the pH gradient across the membrane and therefore resistant to nigericin or monensin. Just the opposite pattern for AsO-efflux was found with S. aureus, suggesting that the efflux system is not electrogenic. From our experiments, this conclusion should be valid for S. aureus but was not really tested for E. coli which is insensitive to the ionophores. used. Mobley and Rosen (16) moved E. coli plasmid R773 into an ATPase-lacking mutant of E. coli and found that arsenate efflux required a phosphorylated cofactor (ATP or ATP-derived) and could not be energized directly by the membrane AT. From their experiments, the conclusions drawn here for S. aureus appear to be applicable also to E. coli. That was not automatic because some transport systems are known to be chemiosmotic in one microorganism and directly ATP-linked in another. Recently, the Na+ efflux system of Streptococcus faecalis that was initially thought to be a chemiosmotic electroneutral Na+/H+ exchange system has been shown to involve a membrane ATPase that is very pH sensitive (17, 18) .
Our results with AsO3-efflux in resistant S. aureus are consistent with a nonchemiosmotic system (perhaps dependent upon ATP or another phosphorylated high-energy form) with properties basically similar to those of the Na+ efflux system in S.faecalis (17) . Vo3 (22) . Although promising, it-would be premature to draw any mechanistic conclusions about similarities between the eukaryotic and prokaryotic systems.
The arsenate efflux system should have a high-degree of specificity. toward arsenate and against phosphate because, if phosphate were excreted as well as arsenate, then the cells would become phosphate starved, which would be approximately equivalent to being arsenate poisoned (13) . We have not succeeded in obtaining arsenate uptake with inside-out membrane vesicles from induced cells of E. coli J53(R773) that do accumulate Ca2+, the substrate ofanother efflux system (ref. 15 ; R. D. Perry, personal communication). Such transport assays with inside-out membranes and direct measurements ofan arsenatedependent ATPase will provide the next advance in our understanding of this plasmid-mediated resistance mechanism.
